The diagnosis of Barrett's esophagus in the United States requires both endoscopically evident columnar-lined esophagus and the presence of goblet cells by histology. Currently, there is no consensus on how patients with nongoblet columnar-lined esophagus should be followed. In this study, we investigated whether biomarkers can be used to predict the detection of goblet cells in follow-up biopsies. Patients with nongoblet columnar-lined esophagus were identified. In 13 of these cases, goblet cells were detected in subsequent follow-up endoscopic biopsies (Barrett's group). Additionally, 26 cases that remained negative for goblet cells in follow-up biopsies served as controls. Immunohistochemistry for CDX2, SOX9, BMP4, SHH, and MUC2 was performed on the initial biopsies and graded independently by at least two pathologists in a masked manner. CDX2 was positive in the nongoblet columnar epithelium of 7/13 cases in the Barrett's group and in 4/26 controls (sensitivity 54%, specificity of 85%, odds ratio (OR) 6.4). Strong and diffuse immunoreactivity for SOX9 was detected in 10/13 cases in the Barrett's group and in 1/26 controls (sensitivity 77%, specificity 96%, OR 83.3). Combining CDX2 and SOX9 as a panel increased sensitivity to 85%, although the specificity decreased to 85% (OR 30.3). SHH, BMP4, and MUC2 expression showed no significant difference between the Barrett's and control groups. In patients with nongoblet columnar-lined esophagus, SOX9 and CDX2 may be useful in identifying a subset of patients who have a higher risk of being diagnosed for Barrett's esophagus (developing goblet cells) and need closer follow-up.
Over the past three decades, the incidence of esophageal adenocarcinoma has risen approximately sixfold in the United States (from 4 to 23 cases per million). 1 Despite advances in therapy, the 5-year survival rate for esophageal adenocarcinoma remains less than 15%. 2 Early detection and treatment is crucial for the management of esophageal adenocarcinoma, however, the proportion of patients with early-stage disease at diagnosis only slightly increased from 25% in 1975 to 31% in 2001. 1 Barrett's esophagus is the only identified precursor lesion and the most important risk factor for the development of esophageal adenocarcinoma. Patients with Barrett's esophagus have an 11 to 125 fold higher risk for esophageal adenocarcinoma compared with the general population. [3] [4] [5] In the United States, Barrett's esophagus is defined as a change in the distal esophageal epithelium of any length, recognized as columnar-type epithelium on endoscopy, and confirmed to have intestinal metaplasia by biopsy of the tubular esophagus. 6 Controversy exists on whether intestinal metaplasia with goblet cells should be an essential criterion for the diagnosis of Barrett's esophagus, and there are studies demonstrating a close relationship between esophageal adenocarcinoma and cardiac-type mucosa. 7 However, multiple studies have shown that columnar epithelium with goblet cells represents the only type of columnar epithelium at significant risk for adenocarcinoma. 8, 9 Thus, the American College of Gastroenterology recommended endoscopic surveillance only for patients with documented intestinal metaplasia of the esophagus. 10 No recommendation is available to guide the follow-up of patients with nongoblet columnar-lined esophagus. Recently, Westerhoff et al 8 reported that among patients with nongoblet columnar mucosa in initial endoscopic esophageal biopsies, 12% were found to have goblet cells in subsequent biopsies from follow-up endoscopy. Theoretically, that subgroup of patients may be at risk for the development of esophageal adenocarcinoma. Development of a biomarker to identify such a patient population would allow those patients to be enrolled in a surveillance program.
Several cellular signaling pathways responsible for the modulation of intestinal epithelial cell differentiation have been shown to be involved in the development of metaplastic mucosa in Barrett's esophagus, including sonic hedgehog (SHH), bone morphogenic protein 4 (BMP4), MUC2, SRY (sexdetermining region Y) box 9 (SOX9), and caudaltype homeobox 2 (CDX2). [11] [12] [13] [14] Increased CDX2, SHH, and BMP4 expression, at both the mRNA and protein levels, have been observed in the nongoblet columnar epithelium of the lower esophagus. 15, 16 However, the clinical and biological significance of these observations remain unclear.
In this study, we investigated whether the expression of these molecules in nongoblet columnar-lined esophagus predicts the detection of goblet cells in follow-up endoscopic biopsies.
Materials and methods

Case Selection and Clinical Information
Pathology databases from the University of Chicago and the University of Washington were searched from 1990 to 2008 for esophageal biopsies taken from endoscopically evident columnar-lined esophagus which demonstrated only nongoblet columnar mucosa on histology. At least one follow-up endoscopy was required for study inclusion. A total of 135 cases were reviewed. Of these, 17 cases were found to have intestinal metaplasia with goblet cells (without dysplasia) in follow-up endoscopic biopsies, and were designated as the Barrett's group. Unfortunately, only 13 cases contained adequate tissue left in the blocks for further analysis, and were included in the study. Among the 118 cases that continued to exhibit nongoblet columnar mucosa on follow-up endoscopic biopsies, 26 cases were randomly selected as controls. The demographic and endoscopic information for both groups are summarized in Table 1 . The selected control cases are representative of the 135 patients which are included in this study. There was no statistical difference in the average patient age, initial number of biopsies, number of follow-up procedures, and duration of follow-up between the Barrett's group and the selected control cases (Table 1) .
In order to investigate the distribution of CDX2/SOX9-positive nongoblet columnar cells in Barrett's mucosa, 11 additional endoscopic mucosal resection (EMR) specimens containing non-dysplastic Barrett's esophagus were selected for further immunohistochemistry (CDX2 and SOX9 only). Immunoreactivity was recorded for columnar mucosa both immediately adjacent to and distant from goblet cells. Distant immunoreactivity is defined as positive columnar cells at least one 40 Â high-power field (0.5 mm) away from the nearest goblet cell. When distant immunoreactivity was present, the maximal distance was measured.
Immunohistochemistry
Immunohistochemistry was performed on 4-micron-thick paraffin tissue sections. The manufacturers and incubation conditions for primary antibodies are summarized in Table 2 . Immunohistochemistry for CDX2 was performed on a Bond-Max automated immunohistochemistry platform (Leica Microsystems Inc., Buffalo Grove, IL, USA) according to the manufacturer's sequential protocol, followed by use of the Bond Polymer Refine HRP detection system (Leica Microsystems Inc.). Immunostaining for SOX9, BMP4, MUC2, and SHH was performed manually. For SOX9, the antigen-antibody reaction was detected using anti-goat-HRP (1:100, R&D system, HAF 017) and DAB þ chromogen system (DAKO, K3468). For SHH, the antigen-antibody reaction was detected with the Envision þ system (DAKO, K4003) and DAB þ chromogen system. For BMP4, after primary antibody incubation, tissue sections were incubated with biotinylated antimouse IgG (1:100, BA-2001, Vector Laboratories), followed by signal detection with the Elite kit (PK-6100, Vector Laboratories) and DAB þ chromogen system. For MUC2, the antigen-antibody binding was detected with polymer-HRP labeled anti-mouse antibody (DAKO, K4001) and DAB þ chromogen (DAKO, K3468) system. The immunohistochemically stained slides were evaluated by at least two pathologists independently in a masked manner. A 100% interobserver agreement was achieved after consensus review of a training set. In keeping with the literature that restricted and weak expression of SOX9 was found in the neck/isthmus of gastric corpus, 17 focal weak immunoreactivity for SOX9 was present in the columnar epithelium of most cases in this study. Therefore, only strong and diffuse (staining at least all the basal glands in at least a 20 Â field) SOX9 immunoreactivity was regarded as positive. For the EMR specimens, immunoreactivity was recorded in the columnar mucosa immediately adjacent to and distant from goblet cells. The maximum distance between positive columnar cells and goblet cells was measured using an eyepiece micrometer.
Statistics
Student's t-test was performed. The sensitivity, specificity, negative, and positive predictive values were calculated using the 2 Â 2 table. The odds ratio (OR) and confidential interval (CI) was calculated using an internetbased software (http://www.medcalc.org/calc/odds_ ratio.php).
Results
CDX2 and SOX9 Showed Reasonable Sensitivity and High Specificity for the Detection of Goblet Cells in Follow-Up Biopsies
Nuclear immunoreactivity for CDX2 in the nongoblet columnar epithelium was observed in 7/13 cases in the Barrett's group and in 4/26 controls, resulting in a sensitivity of 54% and specificity of 85% (positive predictive value 64%, negative predictive value 79%). The OR is 6.4 (95% CI 1.4-29.5, P ¼ 0.02) for CDX2. Focal and weak immunoreactivity for SOX9 was seen in most of the cases studied; however, strong and diffuse immunoreactivity for SOX9 was detected in 10/13 cases in the Barrett's group and in 1/26 controls, resulting in a sensitivity of 77% and specificity of 96% (positive predictive value 91%, negative predictive value 89%). The OR for SOX9 is 83.3 (95% CI 7.7-899.6, P ¼ 0.003). Eleven cases showed immunoreactivity for at least one of the two markers, including six cases that were positive for both markers, one case that was positive for CDX2 only, and four cases that were positive for SOX9 only. When the two-marker panel was used and positivity was defined as immunoreactivity for at least one marker, the sensitivity increased to 85%, albeit at the expense of specificity (85%, positive predictive value 73%, negative predictive value 92%, OR 30.3, 95% CI 4.8-191.5, P ¼ 0.003). The sensitivity, specificity, positive predictive value, negative predictive value, and OR are summarized in Table 3 .
SHH, BMP4, and MUC2 Expression did not Show Significant Difference Between the Barrett's and Control Groups
Immunoreactivity for SHH were present in all of the cases in both the Barrett's and control groups. Positive immunostaining for BMP4 in stromal cells was observed in 90% of cases in the Barrett's group and 82% of the controls. MUC2 was less sensitive compared with CDX2 or SOX9, and was positive in 40% of the cases in the Barrett's group, as well as in 9% of the controls. It was worth noting that in the Barrett's group, MUC2 immunoreactivity was seen only in cases that were positive for CDX2 and/or SOX9. Therefore, inclusion of MUC2 in the panel of CDX2 and SOX9 did not increase the predictive value.
CDX2 and SOX9 Immunoreactivity was Present in Columnar Epithelium Both Immediately Adjacent to and Distant from Goblet Cells in Barrett's Mucosa
In order to further elucidate whether the presence of nongoblet columnar mucosa that exhibits CDX2 or SOX9 positivity might represent a field effect, 11 EMR specimens of nondysplastic Barrett's mucosa with goblet cells were analyzed for these markers Figure 1) . The results are summarized in Table 4 and representative photomicrographs of the immunostains are shown in Figure 2 . Nine of 11 cases showed CDX2 positivity in the columnar mucosa both immediately adjacent to and distant from goblet cells. The average maximal distance of a CDX2-positive nongoblet columnar cell from a goblet cell was 2.7 mm (range: 0.7-6.0 mm). All 11 
Discussion
Barrett's esophagus is known to be an acquired process secondary to chronic gastroesophageal reflux disease. Currently, there exists two conflicting hypotheses on the pathogenesis of Barrett's esophagus based on the cell of origin. The first possibility is that Barrett's esophagus arises from stem cells that reside in the stratified squamous epithelium, the submucosal glands of the distal esophagus, the columnar mucosa of proximal stomach, or are Table 4 The distribution of CDX2/SOX9-positive non-goblet columnar cells in endoscopic mucosal resection specimens for Barrett's esophagus
CDX2 SOX9
Positive CC immediately adjacent to GC 9/11 (82%) 11/11 (100%) Positive CC distant from GC 9/11 (82%) 11/11 (100%) Average maximal distance of positive CC to GC (range) 2.7 mm (0.7-6.0) 4.3 mm (0.7-11.3)
Abbreviations: CC, columnar cell; GC, goblet cell. bone-marrow-derived. 3, 12, 18 The second theory hypothesizes that the cell of origin of Barrett's esophagus is a differentiated esophageal keratinocyte undergoing transdifferentiation. 12 Regardless of the cell of origin, it is likely that local injurious environmental factors result in an inflamed and damaged squamous esophageal mucosa, and consequently mediate the squamous-intestinal phenotypic switch by altering the expression of a few key tissue-type-regulatory genes, or master switch genes. 11 Candidate master switch genes, which are upregulated in Barrett's esophagus compared with neighboring normal esophageal squamous epithelium, include CDX1, CDX2, and SOX9. 11, 12 The transcription factor CDX2 seems to play a key role in promoting the cellular biology necessary for an intestinal differentiation, and can be induced by bile salt and acid stimulation. There is conflicting evidence to address whether CDX2 is sufficient to provoke intestinal metaplasia in postnatal esophageal cells. 11 CDX2 expression is sufficient to induce functional intestinal development in the stomach of transgenic mice. 19, 20 In contrast, the expression of CDX2 in mouse esophageal squamous cells did not initiate a phenotypic switch in an in vivo reconstitution model. 21 Similar to our studies, CDX2 nuclear immunoreactivity had been observed in nongoblet columnar epithelium adjacent to goblet cells in biopsy specimens. 14, 22 Using EMR specimens, we demonstrated immunoreactivity for CDX2 in nongoblet columnar epithelium both adjacent to and distant from goblet cells. As such immunopositivity was seen at the edge of some specimens, the maximal distance that we identified might actually be underestimated.
The clinical significance of CDX2 expression in nongoblet columnar esophageal mucosa had been studied in a longitudinal retrospective study. 14 Kerkhof et al 14 reported that the detection of CDX2 in cardiac-type mucosa increased the likelihood of finding intestinal metaplasia (goblet cells) in another biopsy from the columnar-lined esophagus in the same patient taken either before or after the biopsy used for the CDX2 stain (OR 3.5, 95% CI ¼ 1.2-10, P ¼ 0.02). This finding argues that CDX2 expression in nongoblet columnar epithelium might represent a field effect, suggesting the co-existence of goblet cells which were not biopsied (this will be discussed in detail later in the discussion). The reported sensitivity (52.0%) was similar to that of our study (53.8%), but the SOX9 and CDX2 predicts Barrett's esophagus X Zhang et al specificity was relatively lower (76.2% vs 84.6% in the current study). A relatively short follow-up period in Kerkhof's report (2.5 years vs 6.7 years in the current study) and different antibodies used for CDX2 immunohistochemistry might explain the discrepancy in specificity.
SOX9 is a transcription factor regulated by the SHH/BMP4 pathway. 23 The embryonic esophagus expresses SHH and BMP4 to maintain a columnar phenotype. 12 Re-establishment of SHH/BMP4 signaling and SOX9 expression in Barrett's esophagus may reset the esophageal epithelium to a time when columnar cells line a primordial esophagus. 23 Bile acid upregulated the expression of SHH ligands, PATCH1, stromal BMP4, and subsequently SOX9, in the esophageal squamous epithelium. 16, 23 A high SHH expression level was seen in nongoblet columnar-lined human esophagus compared with squamous line esophagus, but the level significantly decreased in Barrett's mucosa, indicating SHH might be an important initial factor in the induction and maintenance of a columnar phenotype. 16 This is consistent with our findings that SHH and BMP4 were expressed in the nongoblet columnar mucosa of most cases in both the Barrett's and control groups. SOX9 expression has been observed in Barrett's esophagus. 23 A recent study showed that the expression of exogenous SOX9 in squamous epithelial cells induced the formation of columnar-like epithelium with the expression of a columnar differentiation marker, cytokeratin 8, and an intestinal specific glycoprotein, A33, indicating SOX9 may be sufficient to drive columnar differentiation in squamous epithelium. 21 In keeping with this literature, our findings of SOX9 expression in nongoblet columnar mucosa from patients who were found to have Barrett's esophagus in follow-up biopsies indicate that SOX9 might have an important role in the pathogenesis of Barrett's esophagus. To our knowledge, this is the first report that demonstrates the immunoreactivity of SOX9 in nongoblet columnar mucosa from patients with Barrett's esophagus and characterizes SOX9 as a useful predictive marker for the detection of goblet cells in follow-up biopsies in patients with nongoblet columnar-lined esophagus.
As both CDX2 and SOX9 showed relatively high specificity but suboptimal sensitivity, we combined CDX2 and SOX9 as a panel, and the sensitivity increased to 85%, whereas the specificity slightly reduced to 85%. MUC2 was less sensitive compared with CDX2 or SOX9, and exhibited false-positive staining in control group biopsies. In the Barrett's group, MUC2 immunoreactivity was seen only in cases that were positive for CDX2 and/or SOX9. There was no difference in the expression of BMP4, and SHH between the Barrett's and control groups.
There are two possible interpretations for the expression of CDX2 and SOX9 in patients with nongoblet columnar esophageal mucosa who were subsequently documented to have goblet cells in follow-up esophageal biopsies. The first possibility is a sampling issue: goblet cells were present in the columnar mucosa when the initial biopsies were taken but were simply not sampled. Our data derived from the EMR specimens support such an interpretation, because CDX2 and SOX9 immunoreactivity was evident in the nongoblet columnar mucosa both adjacent to and distant from goblet cells. In some cases, CDX2/SOX9-positive nongoblet columnar mucosa was present at the edge of the EMR specimen; therefore, we may have underestimated the size of the field effect. It has been reported that the number of biopsies is related to the yield of intestinal metaplasia. One study showed that if eight biopsies were taken from a columnar mucosa-lined esophageal segment, goblet cells were found in 68% of the patients, compared with a 35% yield when four biopsies were taken. 24 In our series, in 8 out of 11 positive (for at least one of the two markers) cases, less than eight biopsies were obtained during the initial endoscopy (see Table 5 ). Furthermore, in four of these eight cases, a greater number of biopsies were taken in the follow-up procedures that revealed goblet cells, supporting the interpretation of inadequate sampling in the initial procedure. On the other hand, in the other four cases, the number of biopsies taken in the diagnostic follow-up endoscopy was equal to or lower than that in the initial procedure, which indicates that the absence of goblet cells in the initial biopsies may not represent a sampling issue (detailed discussion below). In any event, CDX2 and SOX9 may be of value in predicting the presence of goblet cells in follow-up examinations.
The second interpretation is that the detection of goblet cells in follow-up biopsies reflects the natural progression of disease, and the expression of CDX2 and SOX9 may precede the development of goblet cells in the esophageal columnar mucosa: goblet Table 5 Detailed biopsy and follow-up information of patients who were diagnosed with Barrett's esophagus on follow-up biopsies (Barrett's group) cells were not present when the initial biopsies were obtained, but did appear subsequently. In this scenario, the expression of these markers may actually predict the development of goblet cells in follow-up biopsies. In our series, two of the positive cases were initially presumably adequately biopsied with more than eight biopsies (see Table 5 ). Goblet cells were detected at 58 and 110 months after the initial biopsy. One patient underwent four additional endoscopic examinations before goblet cells were identified. Inadequate sampling would seem to be a less likely explanation for the initial absence of goblet cells in these two patients, and the subsequent detection of goblet cells in follow-up biopsies might represent true disease progression during the follow-up period.
Regardless of the explanation for the absence of goblet cells in initial biopsies, our results demonstrate that immunoreactivity for CDX2 and/or SOX9 in nongoblet columnar-lined esophagus predicts the subsequent detection of goblet cells in follow-up biopsies. Therefore, in patients with nongoblet columnar-lined esophagus, these markers might be of clinical value in stratifying the risk for Barrett's esophagus (as defined in the United States) and guiding follow-up strategies. Obviously, the strength of our study is limited by the retrospective nature and relatively small sample size. Nevertheless, our results warrant prospective studies to validate the clinical value of CDX2 and SOX9 in the aforementioned clinical scenarios.
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